ABSTRACT. Because the physiologic significance of the acting on the intestinal transport of electrolytes and thus inhibpresence of the opioid peptides @-casomorphins (@-CM,) iting intestinal secretion (1). in enzymatic digestion of milk proteins is still undeter-P-casomorphins (P-CM,) are a family of food-derived opioid mined, the effect of the nonmetabolized p-CM analogue peptides which constitute fragments of bovine milk @-casein (2-p-[~Ala~.~,Tyr~]CM-5-NH2 on water and electrolyte move-4). Natural P-CM, present in the amino acid sequence of milk ments was studied in vivo and in vitro in rabbit ileum 0-casein contain the N-terminal amino-acid sequence Tyr-Prountreated or treated with cholera toxin (CT). When this Phe-Pro, which differs from that of the endogenous opioid pepanalogue was introduced in vivo at a concentration of tide enkephalins Tyr-Gly-Gly-Phe. In addition, the opioid po-M into the lumen of rabbit ileal loops, it significantly tency of p-CM, analogues was increased by amino acid substistimulated net water absorption in untreated loops and tution and C-terminal amidation (5, 6). Both natural p-CM, and reduced net water secretion in CT-treated loops. I n vitro their analogues stimulate electrolyte absorption in rabbit ileum addition of this analogue M) to the serosal compart-in vitro in a manner almost identical to enkephalins when added ment of untreated ileum in an Ussing chamber reduced Isc to the serosal side of the epithelium (7-9). Among these peptides (AIsc = 0.44 f 0.05 ME^. h-'/cm2) and stimulated net Na the nonmetabolized analogue ,Ll-[~Ala~,~,Tyr~] CM-5-NHz, whose and C1 absorption to the same extent. In CT-treated ileum, sequence is Tyr-~Ala-Phe-~Ala-Tyr-NHz, acts on electrolyte both serosal M) and mucosal (5.10-4 M) addition of transport from both the mucosal and serosal sides of the epithethe analogue did not further modify the rise in Isc caused lium in vitro (7, 8) . by CT but also stimulated net Na and C1 absorption. On
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In spite of the presence of natural P-CM, in milk protein the mucosal side, the effect of the analogue was accom-digests in vitro and in vivo (3, 4, 10 , 1 I), it is still not clear panied by its transfer from the luminal to the blood side of whether these peptides have any natural physiologic function in the tissue. The transferred analogue was intact as shown normal or pathologic conditions. The purpose of this study was by HPLC (Jm s = 2.4 f 0.8 nmol. h-'/cm2). These to determine in vivo and in vitro whether the P-CM analogue results demonstrated that the p-CM analogue stimulates /~-[ D A~~~~~, T~~~] C M -~-N H~ interacts with the intestinal secretion intestinal absorption of electrolytes in rabbit ileum both in of water and electrolytes induced by CT. The results indicated the basal state and after its stimulation by CT. They that both in vivo and in vitro this analogue reduced the secretion showed that a small opioid peptide that escaped degrada-induced by CT, even when it was placed on the luminal side of tion by brush-border oligopeptidases is able to cross the the intestine. epithelial barrier intact and to interact with opioid receptors located on the opposite side of the intestinal wall. The remaining control and CT-stimulated loop were filled with the same solution but without the analogue. Samples of 0.25 ml were collected from each loop at 0, 30, 60, 90, and 120 min (period 11). The polyethylene glycol concentration was measured in each sample to determine net fluid movements, as previously described (12) . Water fluxes (JV) were expressed in pl of fluid absorbed (positive values) or secreted (negative values) per min and per cm2 of loop area (measured at the end of the experiment).
Transport studies in vitro. After 3 hr of in vivo incubation (period I), the loops were removed, rinsed free of luminal contents, and placed in oxygenated cold Ringer's, solution. The serosal and external muscular layers were stripped off with fine forceps. The tissue was then opened along the mesenteric border and mounted as a flat sheet between two lucite half-chambers (exposed area, 1.13 cm2) as previously described (1 3, 14) . Each side of the tissue was bathed by 10 ml of isotonic Ringer's solution containing (in mM) 140 Na' , 5.2 K+, 120 C1-, 25 HC03-, 1.2 Ca2+, 2.4 HP04'-, 0.4 H2P04-, and 1.2 Mg2+ (pH 7.4 with 95% 02-5% C02). Transmural electrical PD and Isc were measured with an automatic voltage clamp (WPI, New Haven, CT) that provides measurements corrected for fluid resistance. In all experiments, tissues were paired by the best match of G that did not differ by more than 25%. After we checked the stability of electrical parameters for at least 15 min, the compounds to be tested were added to the appropriate reservoir, i.e.
M serosal or 5. M mucosal p -[~A l a~,~, T y r~] CM-5-NH2, or lo-' M mucosal and serosal glucose.
Transepithelial unidirectional Na and C1 Jm + s and Js + m were measured under short-circuit conditions using "Na (2 $3) and 36Cl (2.5 pCi) as previously described (7). It was verified that unidirectional fluxes were stable between 30 and 80 min after addition of the compounds tested. The transepithelial passage of P -[ D A~~~,~, T~~~] C M -~-N H~ from mucosa to serosa was measured by HPLC as previously described (8) .
Calculations. Results were expressed as means k SE. Statistical analysis was performed using the paired or unpaired Student's t test and by analysis of variance. h-'/cm2) and PD without changing G and stimulated net Na and C1 absorption to the same extent ( Fig. 2 and Table 1 ). In tissue treated with CT, Isc, PD and G were not further altered by the P-CM analogue but net Na and C1 absorption were stimulated, with a greater increase in net C1 absorption.
In short, serosal addition of the analogue reduced Isc in untreated tissue but not in CT-treated tissue. It stimulated net Na and C1 absorption in both types of tissue with a greater effect on net C1 absorption in CT-treated tissue.
Mucosal addition to CT-treated ileum in vitro of either P- Na and C1 absorption was stimulated ( Table 2 ). The effect of glucose was different since it stimulated Isc, PD, G and JnetNa but did not significantly change JnetC'. Transepithelial passage of 0-[oAlaZs4, TyflCM-5-NH2 in CTtreated ileum in vitro. To measure the transepithelial passage of the analogue from the mucosal to the serosal side of CT-treated rabbit ileum, it was added to the mucosal reservoir of the Ussing chamber at a concentration of 5.
M and its concentrations in the mucosal and serosal reservoirs were measured by HPLC. In the mucosal reservoir, the analogue was still not degraded after 80 min of incubation, and in the serosal reservoir it was detected intact (Fig. 3) . The Jm + s was 2.4 k 0.8 nmo1.h-'/ cm2 (n = 8). to serosal flux; Js + m, serosal to mucosal flux). Units for Isc and ion fluxes are peq. h-'; Units for PD are mV; Units for G are mS .cm-'.
DISCUSSION
It was previously shown that the nonmetabolized P-CM analogue P-[~Ala',~,Tyr~]cM-5-NH2 stimulates electrolyte absorption in vitro from both the serosal and mucosal sides of nonsecreting rabbit ileum (7, 8) . The compound was resistant to intestinal digestion and metabolism and was absorbed intact across the intestinal epithelium in vitro (8) . The present in vitro results confirmed that the analogue stimulated electrolyte absorption in nonsecreting intestinal mucosa and demonstrated that it also reduced in vitro from both the mucosal and serosal side of the tissue the secretion induced by CT. In addition, the in vivo experiment showed that the analogue was active in vivo from the luminal side of the intestine, both in nonsecreting intestinal mucosa and after stimulation of the intestine with CT.
The effects of the P-CM analogue on electrolyte transport in intestinal mucosa in vitro are in agreement with those previously observed for other opiates (15) (16) (17) (18) (19) (20) (21) (22) . The analogue reduced Isc in untreated tissue but not in CT-treated tissue and stimulated net Na and C1 absorption in both types of tissue. However, the ionic significance of the electrical response of the intestinal mucosa to the P-CM analogue and other opiates is still not clear. In nonsecreting rabbit ileal mucosa, net Na and C1 absorption was stimulated which should not have modified Isc. In CT-treated tissue, net Na and C1 absorption was also stimulated but with a greater increase in net C1 absorption which should have decreased Isc. Various hypotheses have been proposed to explain the opiate action on Isc, including cation selectivity of tight junctions, a modification in chloride permeability at the brush-border and an effect on residual bicarbonate fluxes (17, 19, 20) . In fact, the BEN MANS( )UR ET AL. (8) .
mechanism of the opiate action on intesitnal electrolyte transport seems complex. This action is mediated through opiate receptors located on submucosal plexus that modulate the release of unidentified neurotransmitters acting on enterocytes (9, 17, 18, (23) (24) (25) . Opiates probably modulate more than one mediator and may be acting on different transport systems.
The present work showed that the P-CM analogue reduced the secretion of water and electrolyte induced by CT both in vitro and in vivo. Other opiates have also been demonstrated to stimulate intestinal absorption of electrolytes after stimulation by a variety of secretagogues including prostaglandins, acetylcholine, vasoactive intestinal polypeptide, E. coli heat-stable enterotoxin, and CT (20-22, 26, 27) . In the case of CT, it was not clear whether the antisecretory activity of opiates is exclusively due to the stimulation of basal absorption or whether it is also induced by additional direct inhibition of an active secretion process (20) . The present in vivo results for the P-CM analogue showed that its effect on water movement was quantitatively similar in both untreated and CT-treated ileum. Stimulation of net Na and C1 absorption was also observed in vitro in both untreated and CT-treated ileum. These results suggest that the antisecretory activity of the analogue is essentially due to stimulation of the basal rate of net absorption. Other antisecretory substances, including morphine (20) , aspirin (28), indomethacin (29) , and berberine (14) , were also demonstrated to stimulate an absorptive mechanism independent of the secretory process stimulated by CT. However, the effect of the P-CM analogue in untreated and CT-treated ileum in vitro showed differences because Isc was not further modified and stimulation of net C1 absorption was enhanced after treatment with CT. These observations suggest that the mechanism of stimulation of absorption by the P-CM analogue observed here could also interact with a mechanism involved in choleraic secretion. This interaction could be at a different level, including the intrinsic nervous system or the enterocyte. It has been postulated that part of the CT-induced electrolyte and water secretion is mediated via the intrinsic nervous system (30) , and the P-CM analogue could interact with this nervous mechanism. By contrast, it has been observed that the effect of opiates was dependent on the basal rate of electrolyte transport of the tissue (3 1); because CT modify this basal rate of electrolyte transport, the response to opiates is then modified. The mechanisms that could account for these effects need further investigation (3 1).
It was also found here that luminal addition of the P-CM analogue to ileal tissue was effective both in vitro and in vivo. In a previous study, it was demonstrated that when P-CM, were placed in vitro on the mucosal side of the intestinal epithelium, the expression of their opiate activity depended on the transfer of these intact peptides from the mucosal to the serosal side of the tissue where the opiate receptors are located (8) . Mucosal hydrolysis of natural (3-CM, prevented their absorption as intact peptides, whereas the analogue P -[ D A~~~~~, T~~~] C M -~-N was found to be resistant to enzymatic attack and crossed the epithelium intact as it did here. The transport rate of the analogue obtained in the present study on CT-treated ileum in vitro was very similar to that previously obtained in untreated ileum (8) , indicating that CT did not modify this transport. The mucosal effect of the analogue on electrolyte transport in vitro was measured between 30 and 80 min after mucosal addition; the serosal concentration during this period was calculated to be in the range of 10-7-10-6 M, a concentration demonstrated as active (7) . As opiate receptors are mainly present on submucosal neurons and not on the enterocyte membrane (23) (24) (25) , the in vivo action of the analogue when added luminally strongly suggests that it was also absorbed in vivo. This action confirms the general concept that oligopeptides can be absorbed intact by the intestine (32), although the mechanism by which they are absorbed is not yet clear.
One point of interest in this study is the alimentary origin of P-CM,. The physiologic significance of the different food-derived peptides present in the lumen of the small intestine remains to be determined, especially in the case of milk. Natural P-CM, were demonstrated to be cleaved from p-casein by digestion in vitro (3, 4) or in the gastrointestinal tract in vivo (lo, 1 1), and to be resistant to gastric and pancreatic proteolytic enzymes (3, 4) . These natural peptides have a potential opiate effect on intestinal ion transport, but from the luminal side of the epithelium it is inhibited by a system of degradation probably located at the brush-border membrane that constitutes a barrier to their passage (8) . The present results demonstrate that a small opioid peptide that escaped this system of degradation was able to cross the epithelial barrier and to interact with water and electrolyte movements. This implies that any physiologic function of natural P-CM, under normal or pathologic conditions would depend on the existence of mechanisms that modulate their system of degradation, but their existence remains to be established.
From a pharmacologic point of view, P-CM, and their analogues constitute a class of opioid peptides which are probably useful for intestinal studies. In addition, the nonmetabolized analogue P -[ D A~~~~~, T~~~] C M -~-N H~ appears to be of interest as an antidiarrheal agent, because it reduced the secretion of water and electrolytes induced by CT both in vitro and in vivo, it was effective from the luminal side of the small intestine, and its effect persisted for several h (33) . Its action in vitro has been compared with that of glucose, the most common agent used to stimulate water reabsorption in diarrhea (33) . As already established, glucose is co-transported with Na and then stimulates electrogenic Na absorption by a cellular action (34) . Here, the P-CM analogue enhanced net Na and C1 absorption by a neuromediated mechanism. Each of these agents acted by a different mechanism, and the P-CM analogue would probably not interfere with the action of glucose in vivo. However, the data presented here, showing the preabsorbtive properties of the P-CM analogue, did not clearly demonstrate an antisecretory activity for this compound. If this opiate-like compound is to be used as an antidiarrheal agent, more knowledge is needed on the mechanism of its action on intestinal electrolyte transport.
